A new pandemic influenza A(H1N1) virus (A\[H1N1\]pdm09) began circulating in humans in 2009 \[[@JIW479C1]\]. Following the 2009 pandemic, A(H1N1)pdm09 viruses cocirculated with influenza A(H3N2) and influenza B viruses during the 2010--2011 and 2011--2012 influenza seasons \[[@JIW479C2]--[@JIW479C3]\]. A(H1N1)pdm09 circulated minimally during the 2012--2013 season but predominated during the 2013--2014 season \[[@JIW479C4]\]. During the 2009 pandemic, the proportion of elderly individuals impacted by A(H1N1)pdm09 was lower relative to typical influenza seasons, owing, at least in part, to preexisting cross-reactive antibody responses \[[@JIW479C5]\]. In contrast, the 2013--2014 season was characterized by higher proportions of infections among older adults, many resulting in severe illness. Specifically, rates of influenza-associated hospitalizations were higher in 2013--2014 than during the 2009 pandemic among individuals aged 50--64 years or ≥65 years \[[@JIW479C6], [@JIW479C7]\]. One potential explanation for this change is that A(H1N1)pdm09 viruses have evolved in a way to specifically escape immunity in older individuals \[[@JIW479C8]\].

Although A(H1N1)pdm09 viruses have evolved extensively, an A(H1N1)pdm09 isolate, A/California/7/2009, remains in the current seasonal influenza vaccine \[[@JIW479C9]\]. Antigenic analyses using sera from infected ferrets indicate that the A/California/7/2009 vaccine strain (hereafter, the "vaccine strain") is antigenically similar to contemporary A(H1N1)pdm09 strains; however, some vaccinated humans mount antibody responses that fail to recognize recently evolved A(H1N1)pdm09 strains \[[@JIW479C8]\]. Many adult antibody responses are focused on a hemagglutinin (HA) epitope involving residue 166 that is antigenically mismatched between the vaccine strain and contemporary strains. Nearly all A(H1N1)pdm09 viruses that circulated during the 2013--2014 season possessed a mutation, K166Q, in this important HA epitope \[[@JIW479C8]\].

We hypothesized that individuals with antibodies that fail to recognize viruses with the K166Q HA mutation were at increased risk during the 2013--2014 influenza season, when viruses with this mutation predominated. To test this, we performed hemagglutination-inhibition (HAI) assays, using sera collected from older children and adults participating in a prospective household cohort study of influenza vaccine effectiveness during the 2013--2014 influenza season. We performed HAI assays with the vaccine strain and an A/California/7/2009 vaccine strain engineered to possess the K166Q HA mutation (hereafter, "VS-K166Q") and determined whether HAI titers were associated with protection against A(H1N1)pdm09 infection.

METHODS {#s2}
=======

As previously described \[[@JIW479C10]\], households with ≥4 individuals, ≥2 of whom were children aged \<18 years, receiving primary care from the University of Michigan Health System were recruited to participate prior to the 2013--2014 influenza season. Adults provided informed consent for participation for themselves and their children; children 7--17 years old also provided verbal assent. Subject characteristics (eg, age and sex) were reported at enrollment, and electronic medical records were reviewed to document the presence of high-risk health conditions associated with an increased risk for complications of influenza. Influenza vaccination was documented in electronic medical records and the Michigan Care Improvement Registry. The study was reviewed and approved by the University of Michigan Medical School Institutional Review Board.

Participants were instructed to report all acute respiratory illnesses that met a case definition. Throat and nasal swab specimens (nasal swabs only for children aged \<3 years) were collected from ill subjects. Respiratory specimens were tested by real-time reverse-transcription polymerase chain reaction (RT-PCR) for identification of influenza virus, using primers and probes developed and provided by the Influenza Division at the Centers for Disease Control and Prevention.

Blood specimens were collected at enrollment (during May--September) and in the late fall (during November--December) from a subset of participants ≥13 years old who volunteered for blood specimen collection. All serum specimens collected in late fall or, if late fall specimens were unavailable, at enrollment were tested by HAI assays. Among vaccinated subjects, only specimens collected ≥14 days after vaccination were assayed. The Wistar Institute Institutional Review Board approved HAI analyses of deidentified sera samples. HAI assays were performed using vaccine strain and VS-K166Q viruses as previously described \[[@JIW479C8]\]. HAI titers against each target were calculated for each subject as the reciprocal (eg, 40) of the highest serum dilution (eg, 1:40) that inhibited hemagglutination of turkey red blood cells.

For univariate analyses, subjects were categorized into 4 groups on the basis of measured HAI titers against vaccine strain and VS-K166Q viruses. Subjects in group 1 had titers of \<40 against both vaccine strain and VS-K166Q viruses, those in group 2 had titers of ≥40 against both viruses, those in group 3 had titers of ≥40 against the vaccine strain and \<40 against VS-K166Q, and those in group 4 had titers of \<40 against the vaccine strain and ≥40 against VS-K166Q. Subject characteristics (age, sex, and presence of documented high-risk health condition), documented influenza vaccination status in the 2013--2014 and 2012--2013 seasons, and A(H1N1)pdm09 infection status were compared across groups. Kruskal--Wallis and Wilcoxon rank sum tests were used to assess differences across groups for continuous variables, and χ^2^ and Fisher exact tests were used for to assess differences with regard to categorical variables.

We fit multivariable logistic regression models to examine HAI titers against vaccine strain and VS-K166Q viruses as correlates of protection against A(H1N1)pdm09 infection. These models estimated the change in the odds of real-time RT-PCR--confirmed A(H1N1)pdm09 infection associated with a 2-fold rise in preseason HAI titers, modeled as continuous predictors. Models were adjusted for age in years and vaccination status, which were conceptually identified as potential confounders a priori; robust variances were calculated to account for household clustering, using generalized estimating equations.

Statistical analyses were performed using SAS software (release 9.2; SAS Institute). A *P* value of \<.05 indicated statistical significance.

RESULTS {#s3}
=======

A total of 1049 participants from 232 households were enrolled and followed during the 2013--2014 influenza season. HAI antibody titers against vaccine strain and VS-K166Q viruses were measured in serum specimens from all 382 individuals who volunteered for blood specimen collection. These individuals represented 66% of the 575 subjects aged ≥13 years in the overall cohort who were eligible for blood specimen collection. Individuals who volunteered for blood specimen collection were significantly older, less likely to be vaccinated, and more likely to have had A(H1N1)pdm09 infection than those who did not volunteer. Included subjects ranged in age from 13 to 75 years; 77 (20%) were \<18 years old, and 33 (10%) were ≥50 years old. Receipt of the 2013--2014 influenza vaccine was documented for 162 individuals (42%; 97% of vaccinated individuals received inactivated vaccine), and 20 (5%) had real-time RT-PCR--confirmed A(H1N1)pdm09 infection. Patterns of vaccination in the 2012--2013 season were similar to those in the 2013--2014 season.

Although HAI titers against vaccine strain and VS-K166Q viruses were similar in most individuals (groups 1 and 2), we identified some individuals who had antibodies that differentially recognized the viruses (Table [1](#JIW479TB1){ref-type="table"}). Of particular interest, 11% of individuals had reciprocal HAI titers of ≥40 against the vaccine strain but \<40 against VS-K166Q virus (group 3). Only 1% of individuals in our study had HAI titers of \<40 against the vaccine strain but ≥40 against VS-K166Q virus (group 4). More subjects were vaccinated among those with an HAI titer of ≥40 against the vaccine strain virus (groups 2 and 3), compared with those with titers of \<40 (groups 1 and 4; *P* \< .001). Subjects in group 2 (HAI titers of ≥40 against both vaccine strain and VS-K166Q viruses) were younger, with a significantly higher proportion of children 13--17 years old, compared wtih other groups (*P* \< .001). Subjects did not significantly vary across groups by sex or presence of documented high-risk conditions. Table 1.Subject Characteristics, Vaccination Status, and 2009 Pandemic Influenza A(H1N1) Virus (A\[H1N1\]pdm09) Infection Status, by Hemagglutination-Inhibition Titer GroupSubject CharacteristicGroup 1^a^ (VS \<40/VS-K166Q \<40) (n = 198)Group 2^b^ (VS ≥40/VS-K166Q ≥40) (n = 140)Group 3^c^ (VS ≥40/VS-K166Q \<40) (n = 41)Group 4^d^ (VS \<40/VS-K166Q ≥40) (n = 3)Total\
(n = 382)Age, y Mean39.632.138.632.336.7^e,f^ Group  13--1723 (11.6)52 (37.1)1 (2.4)1 (33.3)77 (20.2)^e,f,g^  ≥18175 (88.4)88 (62.9)40 (97.6)2 (66.7)305 (79.8)Sex Male94 (47.5)63 (45.0)22 (53.7)1 (33.3)180 (47.1) Female104 (52.5)77 (55.0)19 (46.3)2 (66.7)202 (52.9)High risk Yes30 (15.2)18 (12.9)5 (12.2)0 (0.0)53 (13.9) No168 (84.8)122 (87.1)36 (87.8)3 (100.0)329 (86.1)2013--2014 vaccination Yes51 (25.8)83 (59.3)28 (68.3)0 (0.0)162 (42.4)^e,f,h^ No147 (74.2)57 (40.7)13 (31.7)3 (100.0)220 (57.6)2012--2013 vaccination Yes64 (32.3)85 (60.7)29 (70.7)1 (33.3)179 (46.9)^e,f,h^ No134 (67.7)55 (39.3)12 (29.3)2 (66.7)203 (53.1)A(H1N1)pdm09 infection Yes15 (7.6)0 (0.0)5 (12.2)0 (0.0)20 (5.2)^e,f,g^ No183 (92.4)140 (100.0)36 (87.8)3 (100.0)362 (94.8)[^1][^2][^3][^4][^5][^6][^7][^8][^9]

No A(H1N1)pdm09 infections were identified among the 140 subjects in group 2 (HAI titers of ≥40 against both the vaccine strain and VS-K166Q viruses) or 3 subjects in group 4 (HAI titers of \<40 against the vaccine strain but ≥40 against VS-K166Q virus). In contrast, 15 of 198 subjects (8%) in group 1 (HAI titers of \<40 against both vaccine strain and VS-K166Q viruses) had real-time RT-PCR--confirmed A(H1N1)pdm09 infections. Importantly, 5 of 41 subjects (12%) in group 3 (HAI titers of ≥40 against the vaccine strain but \<40 against VS-K166Q virus) had real-time RT-PCR--confirmed A(H1N1)pdm09 infections. The preseason HAI titers against vaccine strain virus of these 5 subjects were 320, 160, 120, 80, and 40.

When titers were examined continuously, a clear relationship between increasing titer and decreasing A(H1N1)pdm09 infection risk was observed for titers against VS-K166Q but not vaccine strain viruses (Figure [1](#JIW479F1){ref-type="fig"}). Unadjusted and adjusted logistic regression models estimating the effect of HAI titers against each virus on the odds of A(H1N1)pdm09 infection are presented in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. In models accounting for titers to both vaccine strain and VS-K166Q viruses and adjusting for age and vaccination status, a 2-fold increase in titer against VS-K166Q virus was associated with a 0.34-fold (95% confidence interval \[CI\], .20--.59-fold) lower odds of A(H1N1)pdm09 infection. A similar 2-fold increase in titer against vaccine strain virus was not significantly associated with A(H1N1)pdm09 infection (odds ratio, 1.36; 95% CI, .93--1.98). Models restricted only to adults aged ≥18 years or that additionally adjusted for vaccination in the 2012--2013 season did not produce substantially different estimates. Figure 1.Relationship between hemagglutination-inhibition (HAI) titer and 2009 pandemic influenza A(H1N1) virus (A\[H1N1\]pdm09) infection risk. Antibody titers against the A(H1N1)pdm09 vaccine strain (A/California/7/2009; VS) and the VS engineered to possess the K166Q hemagglutinin mutation (VS-K166Q) were measured in HAI assays. The relationship between measured HAI titers against the VS (*A*) and the VS-K166Q (*B*) and reverse-transcription polymerase chain reaction--confirmed A(H1N1)pdm09 infection was examined. The number of subjects with each measured HAI titer is plotted on the left vertical axis, and the proportion of subjects who were infected with A(H1N1)pdm09 is plotted on the right vertical axis. The number of subjects with each measured HAI titer who were infected with A(H1N1)pdm09 is reported above the line denoting the proportion infected.

DISCUSSION {#s4}
==========

We have previously shown that many adults possess antibodies that recognize a A(H1N1)pdm09 HA epitope involving residue 166 \[[@JIW479C8]\]. Here, we find that these individuals were more susceptible to infection with 2013--2014 A(H1N1)pdm09 viruses, which possessed the K166Q HA mutation.

During the 2013--2014 season, vaccine effectiveness against A(H1N1)pdm09 infection in the overall study cohort was relatively high (66%; 95% CI, 23%--85%) and similar across age groups \[[@JIW479C10]\]. Estimates from vaccine effectiveness studies performed in the outpatient setting were similarly high \[[@JIW479C4]\]. This is consistent with the observation that most subjects (77%) with HAI titers of ≥40 against vaccine strain viruses also had HAI titers of ≥40 to VS-K166Q viruses in our study. It should be noted that a ≥4-fold increase in HAI titer against vaccine strain virus following receipt of 2013--2014 influenza vaccine was only observed in 11% of vaccinated subjects in this cohort with paired serum specimens bracketing vaccination \[[@JIW479C10]\]. The H1N1 component of the vaccine has not been updated in several years, and it is likely that many of the individuals in our study had prior A(H1N1)pdm09 infection and/or vaccination. We speculate that vaccine responses could be improved by including a contemporary A(H1N1)pdm09 strain in future formulations.

An HAI titer of 40 has historically been associated with approximately 50% protection against influenza virus infection following exposure \[[@JIW479C11]\]. In our study, we did not observe any A(H1N1)pdm09 infections among subjects with HAI titers of ≥40 against VS-K166Q virus that was antigenically similar to viral strains that actually circulated during the 2013--2014 influenza season. Although antibody to HA is considered to be the major correlate of protection, antibody to neuraminidase has also been shown to independently correlate with protection against influenza virus infection \[[@JIW479C12]\]. Consistent with this, only 1 of 20 A(H1N1)pdm09-infected subjects in this study had a measurable preseason antibody titer against the neuraminidase of A(H1N1)pdm09 \[[@JIW479C10]\].

Our results should be interpreted in the context of relatively small sample size and low incidence of A(H1N1)pdm09 infection, especially among the older children in our study. Individuals who volunteered for blood specimen collection for this study were, on average, older, less likely to be vaccinated, and more likely to have had A(H1N1)pdm09 infections than those in the overall cohort who did not volunteer. While we do not expect this to affect the validity of the results, we cannot ensure that the findings are generalizable beyond the study population. Also, we did not collect blood specimens from children aged \<13 years, and very few blood specimens were collected from adults aged ≥50 years. Given that antibody responses are affected by past infection and vaccine exposures \[[@JIW479C13]\], the prevalence of antibodies that recognize vaccine strain and VS-K166Q viruses likely varies considerably across age groups. Consistent with this, we previously found that a high proportion of middle-aged individuals possess antibodies that target the A(H1N1)pdm09 HA epitope involving K166 and that younger individuals do not possess antibodies with this specificity \[[@JIW479C8]\].

A(H1N1)pdm09 viruses were prevalent again during the 2015--2016 influenza season, and 2 emerging subclades have been identified among 2015--2016 viruses. The majority of A(H1N1)pdm09 viruses that circulated during the 2015--2016 season possessed a second mutation (S165N) \[[@JIW479C14]\] that is predicted to introduce a new glycosylation site in HA that likely further distorts the antigenic site described in this study. Similar to the 2013--2014 season, high levels of influenza-associated hospitalization among older adults were again reported during the 2015--2016 influenza season \[[@JIW479C6], [@JIW479C7], [@JIW479C15]\]. We propose that more-contemporary A(H1N1)pdm09 strains should be considered for future vaccine formulations, based on continued A(H1N1)pdm09 infection and severe outcomes in older adults, many of whom possess antibodies that bind to the current vaccine strain but fail to bind to contemporary strains.
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[^1]: Abbreviations: HAI, hemagglutination inhibition; VS, A/California/7/2009 vaccine strain; VS-K166Q, A/California/7/2009 vaccine strain engineered to possess the K166Q hemagglutinin mutation.

[^2]: ^a^ All had HAI titers of \<40 against both VS and VS-K166Q viruses.

[^3]: ^b^ All had HAI titers of ≥40 against both VS and VS-K166Q viruses.

[^4]: ^c^ All had HAI titers of ≥40 against VS and \<40 against VS-K166Q viruses.

[^5]: ^d^ All had HAI titers of \<40 against VS and ≥40 against VS-K166Q viruses.

[^6]: ^e^*P* \< .05 for the overall comparison.

[^7]: ^f^*P* \< .05 for group 1 versus group 2.

[^8]: ^g^*P* \< .05 for group 2 versus group 3.

[^9]: ^h^*P* \< .05 for group 1 versus group 3.
